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Matching and funneling light at the plasmonic Brewster angle
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The ultrabroadband impedance matching of metallic gratings at the plasmonic Brewster angle [A. Alu` et al.,
Phys. Rev. Lett. 106, 123902 (2011)] is analyzed here in several realistic scenarios and configurations, and in the
case of nonmonochromatic excitation. This phenomenon is the analogy of the well-known Brewster transmission
for dielectric slabs but, when applied to plasmonic gratings, has the remarkable property of funneling and
concentrating light within subwavelength slits. We analyze here how the presence of absorption and of realistic
substrates and/or superstrates may influence the phenomenon, its beamwidth and angular selectivity, and its
overall performance in the case of broadband, ultrashort incident pulses in the time domain. We prove that
broadband signals may be concentrated and transmitted almost unaffected through narrow apertures, even in the
presence of absorption, very different from conventional extraordinary optical transmission based on resonant
phenomena.
DOI: 10.1103/PhysRevB.85.024304 PACS number(s): 71.45.Gm, 41.20.Jb, 42.25.Ja, 42.79.Dj
I. INTRODUCTION
Extraordinary optical transmission (EOT) through sub-
wavelength apertures in metallic screens has been widely
investigated in the past several years.1–3 Based on several avail-
able techniques, the transmission of optical energy through
otherwise opaque metallic screens can be drastically enhanced,
especially for subwavelength apertures and larger periods.
This phenomenon is typically based on resonant mechanisms,
such as Fabry-Perot (FP) resonances1–3 and plasmonic sur-
face resonances, or “spoof plasmons.”4,5 The aforementioned
effects are inherently narrow band in nature and are severely
affected by the inherent losses of metals at optical frequencies,
which may limit their potential applications. For example,
EOT based on surface plasmons is usually limited to a narrow
frequency range that depends on the properties of the screen
material, the slit periodicity, and the background material.
More narrow-band performance is found for smaller apertures
and thicker screens, characterized by larger stored energy and
higher Q-factor resonances. Usually these EOT effects are
weakly dependent on the incidence angle, as long as the period
of the grating is less than the first Bragg resonance.6–10
In our recent work,11 we proposed an alternative mechanism
to achieve extraordinary transmission through an otherwise
opaque metallic grating. The phenomenon is the analogy of
the well-known Brewster total transmission effect at a vacuum-
dielectric interface, which was shown to also work in the case
of plasmonic gratings. Different from conventional EOT, this
phenomenon is inherently broadband, robust to the presence
of loss and absorption, and independent of the screen total
thickness. It is limited to transverse-magnetic (TM) polarized
electromagnetic waves and allows only a limited portion of
the angular spectrum to tunnel through the slits, around the
plasmonic Brewster condition derived in Ref. 11. In our
original paper, we limited our analysis to a freestanding grating
with empty slits. This concept, independently verified in the
infrared,5 has renewed the interest in funneling broadband light
for energy-harvesting applications12 and in related concepts,
such as the plasmonic critical angle.13
Especially in the optical regime, it is challenging to
fabricate a freestanding metal grating14 and, as we discuss
in the following, this concept may be applied to different
geometries. Here, we explore several practical scenarios in
which the plasmonic Brewster concept may be applied.
First, we analyze the case of a single interface between
free space and a semi-infinite grating loaded with different
dielectric materials. This case is particularly exciting because
it may model the application of the plasmonic Brewster
phenomenon for energy-harvesting concepts. Once the energy
is funneled within subwavelength slits with no reflection,
one may expect that light concentration may facilitate its
conversion to other forms of energy, without perturbing the
low reflection properties. We show that this is the case, and
that we are able to achieve broadband funneling of light at
a single interface around the Brewster condition, without the
presence of a second interface, which is obviously necessary
for conventional EOT resonant mechanisms. Then, we explore
how the presence of a superstrate and/or substrate with
different indices of refraction, as well as different dielectric
fillings in the slits, affect the Brewster condition, and find
that not only do they not severely impair its performance, but
they can add degrees of freedom for the practical application
of this phenomenon. The considered examples pave the way
to the experimental verification of these concepts at visible
frequencies, for which the presence of a substrate and/or
superstrate may be required. We are currently working on
some of these venues. Then, the effective medium approach,
first presented in Ref. 11, is extended and compared with
theory and simulation results, including the guided spectrum
of modes supported by the grating. Finally, we analyze in
detail the transmission of short, broadband pulses through
the grating, showing that at the Brewster condition they
can be funneled and propagate almost unaffected through
ultranarrow slits. These results directly demonstrate and
emphasize the ultrabroadband performance of the suggested
concept. Novel devices are envisioned from the proposed
broadband optical transmission, such as light-emitting diodes,
selective polarization filters, and energy concentrators.
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II. FREQUENCY-DOMAIN ANALYSIS OF PLASMONIC
BREWSTER DEVICES
The general geometry that we consider in the following
examples is shown in Fig. 1. It is composed of a silver (Ag)
metallic screen (light gray color) of thickness l, corrugated
by slits of width w and period d. The slits are loaded with
a dielectric material with relative permittivity εw (light green
color) and the grating is surrounded by a semi-infinite input
(εin) and output (εout) medium, shown in Fig. 1 with light
yellow and light red colors, respectively. In practice, we may
need a double prism configuration to efficiently couple light in
and out of this setup in the presence of arbitrary superstrate and
substrate materials. Figure 1 can be considered the generalized
version of the setup studied in Ref. 11. The structure is
illuminated by a TM wave obliquely incident at an angle θ .
The scattering performance of such a periodic structure may be
modeled using a transmission-line (TL) approach, as described
in Refs. 11,15 and 16. The circuit model of this structure is also
shown in Fig. 1, where input and output regions correspond to
semi-infinite TLs and the grating region (light gray color) is a
TL segment of length l.
For a TM wave incident at an angle θ , the effective wave
number of the input medium is the projection of the wave
vector in the direction normal to the interface, i.e., βin =
FIG. 1. (Color online) Geometry of interest and its equivalent
transmission-line (TL) model.
kin cos θ , where kin = nink0 and nin = √εin is the refractive
index. The characteristic impedance of the input medium per
unit length is then given by the ratio between the tangential
electric and magnetic fields with respect to the interface,





d cos(θ ) = η0
nin
d cos(θ ), (1)
computed in the same way as in Refs. 11 and 15, and
η0 =
√
μ0/ε0 is the vacuum impedance. The characteristic
impedance per unit length of the output medium may be


















The modal propagation inside each slit does not depend on
the incidence angle. The wave number βs and characteristic
impedance per unit length Zs satisfy the modal disper-




β2s − εwk20 w/2
]√





Zs = wβs/(ωε0εw), (3)
where εm is the relative permittivity of the metal (considered
to be Ag here) and Zs is the ratio between the effective voltage
Vs =
∫ w
0 Ex dx = Exw and the effective current Is = Hy =
ωε0εwEx/βs . Frequency dispersion and absorption of Ag are
considered in Eq. (3), and determine the modal properties
and spatial decay within each slit of the dominant TM mode.
The dielectric materials used as superstrate/substrate and/or
to fill the slits are assumed frequency independent in the
following. This simple TL model applies to TM incidence
for monomodal operation inside the slits and it assumes that
only the zeroth diffraction order propagates in free space,
implying that the dimensions are limited to the range w  d <
0.5λ0 = π/k0, where λ0 can be the wavelength at free space or
the substrate/superstrate. We verify in the following that this
simple analytical model captures with good accuracy the main
phenomena at the basis of the plasmonic Brewster matching
phenomenon, and more in general of the wave interaction with
the grating.
A. Semi-infinite grating
We consider first the case of the interface between free space
(nin = 1) and a semi-infinite grating, obtained in the limit l →
∞ for the geometry of Fig. 1. The reflection and transmission
coefficients at the grating entrance may be computed using the
TL model, providing the usual Fresnel expressions:
R = Zs − Zin
Zs + Zin , (4)
T = 2Zin
Zs + Zin .
These expressions predict that a nonresonant, Brewster-like
effect based on anomalous impedance matching may also be
obtained in the absence of an external interface, which was
the case studied in Ref. 11. In this scenario, no other EOT
024304-2
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FIG. 2. (Color online) Angular transmission spectra for a single interface between free space and a grating with period d = 96 nm and
slit width w = 24 nm. Different permittivity values εw are considered inside the slits, as indicated in each panel. FMM simulations (left) are
compared with analytical results (right). The dashed line indicates the plasmonic Brewster angle condition (5).
mechanism is available, such as conventional Fabry-Perot
resonant tunneling (see Ref. 2), which would require a finite
slab thickness and multiple reflections. When the grating
impedance is matched to the input medium (Zs = Zin), total
tunneling through the slits (T = 1) and zero reflection is
achieved. For free space as input medium, the matching
condition may be realized at the angle of incidence θB such
that
cos θB = βsw
εwk0d
, (5)
which coincides with the plasmonic Brewster angle condition
derived in Ref. 11, generalized here to an arbitrary dielectric in
the slits and holding also for a single interface. The free-space
input impedance, generally larger than the one in the slit due
to the large value of d/w, is reduced for oblique incidence
and TM polarization, providing ideal matching when Eq. (5)
is satisfied.
The Brewster condition is weakly dependent on frequency
(it is only affected by the dispersion of βs/k0) and not sensibly
affected by moderate losses, as long as Re[βs]  Im[βs], as is
usually the case for plasmonic MIM waveguides over a broad
range of frequencies. We notice from Eq. (5) that the plasmonic
Brewster angle shifts to larger values (closer to grazing) as the
slit permittivity εw is increased.
In Fig. 2, we calculate the TM power transmission spectra
for such interface, considering a period d = 96 nm and slit
width w = 24 nm. The permittivity εw of the slit material
is indicated in each panel. The left column shows full-wave
simulations based on the Fourier modal method (FMM),18
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FIG. 3. (Color online) Angular transmission spectra for a grating with thickness l = 200 nm, period d = 96 nm, and slit width w = 12 nm.
The refractive indices of the input and output media are indicated in each panel. FMM simulations (left) are compared with analytical results
(right). Again, the dashed line indicates the plasmonic Brewster angle condition. The material between the slits of the structure is chosen to be
free space εw = 1.
compared to our analytical TL model (right column). Realistic
experimental dispersion and loss of silver permittivity at
optical frequencies19 are considered here and in the following.
The TL model is in very good agreement with full-wave
simulations and confirms that Eq. (5) is an accurate tool
to predict the Brewster matching condition and model this
geometry. The plasmonic Brewster tunneling is found as
a vertical band in all panels in Fig. 2, confirming the
weak dependence on frequency of this anomalous funneling
mechanism. As expected, full transmission is achieved only
around the Brewster angle condition, predicted in Eq. (5)
and highlighted as the dashed line in each panel. Comparing
these results with the ones obtained in the case of a finite l
(see Ref. 11 and some of the following examples), it is seen
that all the resonant horizontal EOT bands in the figure are
suppressed, since conventional Fabry-Perot resonances require
an exit interface to build the resonance in the steady-state
regime.
The transmission maxima are reduced for higher frequen-
cies, due to the influence of larger absorption in the slit.
In this frequency range, the influence of higher diffraction
orders slightly affects the accuracy of our analytical model.
It is evident that the vertical bands of Brewster transmission
are strongly influenced by the slit material, as theoretically
024304-4
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FIG. 4. (Color online) Similar to Fig. 3, but for thicker screens and a larger period: l = 400 nm and d = 192 nm. The slit width is chosen
as w = 24 nm.
predicted in Eq. (5). In addition to a shift to more grazing
angles, an increase in the slit permittivity produces narrower
acceptance beamwidths, due to larger impedance mismatch,
consistent with the impedance model (1): Zin is further reduced
by increasing εin, requiring a more grazing incidence angle to
match the free-space impedance. Note that the same effect
will also be observed for larger ratios of slit width over
grating period (w/d). This can lead to novel designs of
more directional emitters and angle-sensitive absorbers or
solar cells, as will be explored in our future work. All the
aforementioned effects are accurately predicted with both
FMM simulations and the TL model. Indeed, our results show
that it is possible to funnel broadband light into subwavelength
grating at a single interface, with exciting implications in terms
of energy harvesting.
B. Influence of superstrate and/or substrate materials
After having verified that a single interface already supports
Brewster transmission and funneling, we focus here on the
case of finite thickness gratings, as in Fig. 1. The general input
Zin and output Zout characteristic impedances are given by
Eqs. (1) and (2). The loading material of the slits is assumed
to be free-space εw = 1 here. The reflection and transmission





tan(βsl) − i(Zin − Zout)Zs(
Z2s + ZinZout
)
tan(βsl) + i(Zin + Zout)Zs
,
(6)
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FIG. 5. (Color online) Calculated absorption for two examples
consistent with Fig. 4.
As expected, if the input and output media are also free
space, the reflection coefficient of Eqs. (6) becomes identical
to the one calculated in Ref. 11. The real part of the reflection
coefficient is zero, Re[R] = 0, when the condition βsl = mπ
is met, where m is an integer. FP resonances are obtained
in this case, which are the conventional EOT mechanism for
this geometry,1 inherently limited in bandwidth. The minimum
reflection is, however, limited by the mismatch between input
and output materials, which affects Im[R]. As a different
way to achieve minimized reflection, impedance matching
analogous to the previous example may be achieved at the
input interface when Zs = Zin, under the condition
cos θB = ninβsw
k0d
. (7)
This is equivalent to Eq. (5), but now considering a different
superstrate material at the input face of the grating and
free space in the slits. As expected, the plasmonic Brewster
angle is independent of the grating thickness l, and similar
considerations apply as in the previous section. Now the
plasmonic Brewster angle is inversely proportional to the
dielectric function of the superstrate material, implying that
we can shift the funneling to smaller angles by using higher
permittivity superstrates.
The calculated angular power transmission spectra are
shown in Fig. 3 for an optical grating with length l = 200 nm,
period d = 96 nm, and slit width w = 12 nm. The dielectric
functions of the input and output background media are varied
as indicated in each panel. Again, the left column shows
full-wave simulations based on the FMM,18 compared to the
analytical TL model shown in the right column, which shows
good agreement in all cases. The FP resonances are now visible
as horizontal bands in all panels of Fig. 3, limited in frequency,
but spanning most of the angular spectrum.
In contrast, the plasmonic Brewster transmission results in
a distinct vertical band through all panels in Fig. 3. Glass is
used as an input and/or output background medium, with a
refractive index n = 1.52. The dashed line in the plots shows
the calculated Brewster angle, as in Eq. (7). Ultrabroadband
transmission is also confirmed in this scenario, even in the most
mismatched case when a free-space input medium and glass
output medium are considered. The vertical transmission band
(a) (b)
(c) (d)
FIG. 6. (Color online) TM propagation and evanescent modes for two different grating designs: [(a),(b)] w = 12 nm, d = 96 nm, and
l = 200 nm. [(c),(d)] w = 24 nm, d = 192 nm, and l = 400 nm. FMM-based simulations are shown in panels (a) and (c) and effective medium
theory results are presented in panels (b) and (d).
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is enhanced and moved to smaller angles when the input and
output media are both composed of glass. The electromagnetic
energy can tunnel more easily through the slits in this case,
because their dimensions become electrically larger by a factor
equal to the refractive index of glass. Figure 4 shows analogous
results, but for a thicker screen l = 400 nm and a larger period
d = 192 nm for a slit width w = 24 nm.
The horizontal FP transmission bands have narrower
bandwidths and are more dense along the frequency spectrum,
due to the longer slits. The anomalous impedance matching
at the Brewster transmission, however, is not affected by the
increased thickness of the structure, as predicted by Eq. (7).
The transmission is slightly reduced at higher frequencies,
due to the longer propagation path through the narrow slits,
but absorption in the slits less affect the Brewster transmission
than the conventional FP resonant mechanisms. This can be
clearly seen in Fig. 5, which shows the absorption for two
examples consistent with Fig. 4. Physically, this is associated
to the significantly lower field enhancement within the slits
compared to conventional plasmonic resonant tunneling. In
general, the Brewster transmission is obtained over a broad
frequency range from dc to the visible frequency around
the specific angle θB independent of the grating thickness
l. Indeed, our results show that it is possible to verify
the Brewster tunneling phenomenon also in the presence of
substrates and/or superstrates, which may also be used to tailor
the angular spectrum of Brewster transmission, as indicated in
Eq. (7).
III. EFFECTIVE MEDIUM ANALYSIS OF PLASMONIC
BREWSTER DEVICES
Since the transmission-line model of the grating appears to
describe with very good accuracy its complex interaction with
the impinging wave, we have suggested in Ref. 11 that the




















To derive Eq. (8) we neglect the field penetration inside
the metal, although we fully take into account its plasmonic
properties and finite conductivity in the dispersion of βs . By
combining this equation with the requirement of momentum







0 = k20 sin2 θ + β2s , (9)
we find that the plasmonic grating may be equivalently












In this section, we discuss how the accuracy of this
homogenization model is not limited to the Brewster condition,
but it also extends in the evanescent part of the spectrum. In
this way, we are able to connect the spectrum of guided modes
supported by the grating, similar to a high-dielectric etalon, to
the scattering resonances for propagating impinging waves. In
Figs. 6(a) and 6(c), two gratings with different dimensions w =
12 nm, d = 96 nm, l = 200 nm and w = 24 nm, d = 192 nm,
l = 400 nm and no material loaded in the slits (εw = 1), are
simulated with the FMM technique. In the figure we show
the dispersion of TM guided modes (solid lines) supported by
the gratings, which clearly transition from the FP resonance
branches (kx  k0) into the evanescent region (kx > k0). The
modal dispersion has been calculated by using a rigorous
procedure consisting in finding the zeros of the determinant
of the scattering matrix in the (ν,kx) plane. The Brewster
angle condition is verified (dotted lines) as a vertical band,
consistent with the previous discussion. Being a nonresonant
phenomenon, this tunneling regime is not associated with any
guided branch in the evanescent portion of the spectrum, as
expected from the previous discussion.
Next, the grating is replaced with a homogeneous meta-
material slab with effective parameters (10). The transmission
results are shown in Figs. 6(b) and 6(d) for the two previously
mentioned gratings. The effective medium results agree well
with simulations and predict both FP and Brewster transmis-
sion, as well as similar TM guided modes. Hence, the effective
parameters are able to capture the response of the actual
structure even in the evanescent region. This model holds as
FIG. 7. (Color online) (a) Frequency response of the transmission
coefficient through an optical grating with thickness l = 200 nm, pe-
riod d = 96 nm, slit width w = 12 nm, and εw = 1. The surrounding
background material is also free space. Time-domain response of
the metallic grating illuminated by a short pulse (incident pulse is
illustrated by the red dashed line) at (b) Brewster angle and (c) normal
incidence.
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long as there is no interaction with higher grating orders, as
can be seen in the upper portion of Fig. 6(c). The accuracy of
the model highlights the necessity to consider strong spatial
dispersion effects in the metamaterial grating, associated with
the propagation of slit modes that do not feel the transverse
momentum of the impinging wave at oblique incidence. This
is consistent with other metamaterial geometries consisting of
elongated inclusions.20,21
IV. TIME-DOMAIN ANALYSIS OF PLASMONIC
BREWSTER DEVICES ILLUMINATED BY
ULTRASHORT PULSES
In this section, we explore the performance of plasmonic
gratings illuminated at the Brewster angle condition by ultra-
short pulses, using time-domain full-wave simulations. Due to
the ultrabroadband performance of the funneling phenomenon
described above, we expect that ultrashort pulses would
tunnel almost completely undistorted through the grating.
We consider first a grating with dimensions w = 12 nm, d =
96 nm,and l = 200 nm, with εw = 1, embedded in free space.
The frequency and transient time-domain responses of this
structure are shown in Fig. 7. We focus on a broad frequency
window (0−350THz) to demonstrate the performance of the
device, comparing excitation at normal incidence (θ = 0◦) and
at the plasmonic Brewster angle, which is approximately θB =
74◦ for this example. The transmission coefficient is plotted
against frequency in Fig. 7(a). Almost perfect transmission
FIG. 8. (Color online) Similar to Fig. 7. The metallic grating is
placed on a glass substrate with refractive index nout = 1.52. The
structure is mismatched at the outer boundary.
is obtained at the Brewster angle θB , as expected from the
previous discussion. The performance is similar to free-space
propagation, which is also shown in Fig. 7(a). On the contrary,
FP resonances are dominant at normal incidence (θ = 0◦)
and high transmission is achieved only in a narrow range
of frequencies. We launch an impulselike signal in time
domain toward the grating at the two angles of incidence,
with duration ∼10 fs, comparable with the bandwidth shown
in Fig. 7(a).
The real parts of the transverse-magnetic component Hy
of the transmitted pulse at the exit of the subwavelength
corrugations are shown in Figs. 7(b) and 7(c) for the two
incidence angles, compared to the pulse as obtained after
free-space propagation. No distortions in time are obtained
when the ultrashort pulse propagates at the Brewster angle θB .
In contrast, the signal is distorted, reduced in amplitude, and
spread in time for normal incidence, as expected. It should
be noted that the signal transmitted at the Brewster angle,
despite being transmitted without distortion, experiences a
time delay compared to the free-space case, similar to ordinary
propagation of a pulse through a dielectric slab, characterized
by slower propagation. This is consistent with the analogy
between the plasmonic grating and a dielectric slab outlined
in Sec. III.
We also show similar plots for an optical grating with
dimensions w = 12 nm, d = 96 nm, and l = 200 nm, when
glass is placed at the exit of the structure nout = 1.52. A
mismatch is introduced at the outer boundary of the device,
which does not severely affect its overall performance, as was
shown in Fig. 3. The transmission coefficient for Brewster
FIG. 9. (Color online) Similar to Fig. 7. The metallic grating is
surrounded by glass background with nin = nout = 1.52.
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incidence angle is shown in Fig. 8(a) and it is no longer
identical to free space, due to the reflection at the second
interface. However, it is still nearly uniform over a broad
bandwidth (0−350 THz) compared with the normal incidence
case, where narrow-band FP resonances are dominant. Again,
an ultrashort pulse is launched at the two angles and the
Hy components are monitored after the grating, shown in
Figs. 8(b) and 8(c), respectively. It is seen that even in this
mismatched case, due to the presence of a substrate, the
short transmitted pulse is much less distorted at the plasmonic
Brewster angle. It is envisioned that in a future experimental
demonstration of the optical grating, it will be easier to place
the slit array on a glass substrate, similar to the present
example, without severely impairing the broadband funneling
effect.
Finally, the transient response of the optical grating is
explored for similar dimensions w = 12 nm, d = 96 nm, and
l = 200 nm surrounded by glass background on both sides
(nin = nout = 1.52). The uniform flat transmission coefficient
now extends until 450 THz at the Brewster condition, as shown
in Fig. 9(a). Hence, even better ultrabroadband performance is
achieved for this case compared to the free-space background
considered in Fig. 7(a) because the effective electrical slit
width becomes larger when considering a dielectric super-
strate/substrate. In this case, the Brewster angle shifts to
θB = 70◦, smaller than the previous cases (θB = 74◦), as
predicted by Eq. (7). The transient response of a transmitted
ultrashort pulse for Brewster and normal incidence is shown
in Figs. 9(b) and 9(c). Again, the impulse is transmitted with
minimal distortions at the Brewster angle, compared with the
spread in time obtained at normal incidence. By including a
matched superstrate, we are able to achieve even more exciting
funneling performance for ultrashort pulses and get additional
degrees of freedom in tuning the bandwidth, beamwidth, and
angular performance of the device.
V. CONCLUSIONS
We have considered here the implications of the Brewster
funneling for plasmonic gratings in various optical setups,
extending our results in Ref. 11. We have considered a
semi-infinite interface to mimic the situation in which the
impinging energy is absorbed in the grating, and the influence
of substrate and superstrate materials. Ultrabroadband EOT,
spanning from zero frequencies (dc) to the breakdown of the
TL model (d 	 0.5λ0, where d is the period and λ0 is the
wavelength in free space or in the substrate/superstrate) for
an otherwise opaque metallic grating slab, has been verified
both in frequency and time domain, showing its functionality
in the case of ultrashort pulses. Finally, the effective medium
equivalent of the plasmonic grating was found to accurately
predict its behavior for propagating and evanescent modes.
The proposed tunneling mechanism is the physical analog of
the well-known Brewster angle condition in optics for TM
oblique incidence waves on dielectric etalons, but it is now
obtained in ultranarrow slits, creating large, broadband energy
concentration of interest in a variety of applications, spanning
energy harvesting, emission, and polarization filtering. We are
planning to extend this interesting concept to two-dimensional
structures in our future work.
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